In general, pavement marking performance is judged based on two criteria: retroreflectivity and durability. Durability is related to the percentage of pavement marking remaining on a surface and the ability to retain retroreflectivity over time.
Previous studies
In general, pavement marking performance is judged based on two criteria: retroreflectivity and durability. Durability is related to the percentage of pavement marking remaining on a surface and the ability to retain retroreflectivity over time.
The study made by Montebello and Schroeder (2) in 2000 focused on providing guidelines for pavement markings in county and city highways. The study found that for roadways with high annual average daily traffic, a more durable product may be a better alternative than paint. Bead application plays an important role in the retroreflectivity of all pavement marking materials. Proper application can lead to increased nighttime visibility and greater line durability.
In a study by Cottrell and Hanson (3) , the effectiveness of pavement markings was investigated. The study examined the durability and the cost-effectiveness of 19 of Virginia's pavement materials. The durability (service life) was estimated by Virginia Department of Transportation's (DOT's) district staff responsible for maintaining the various kinds of markings on Virginia DOT maintained roads. The conclusion was that the large paint contract was the most costeffective for two-lane roads under most traffic volume conditions and for four-and six-lane low-volume roads.
In 2001, Migletz et al. (4) evaluated the service life of durable, longer-lasting pavement markings sponsored by FHWA. Six different kinds of markings were evaluated for the durable performance in this study. They established criteria for the minimum retroreflectivity value used to define the end of a pavement marking's service life. Finally, statistical modeling was used to determine the relationship between decreasing retroreflectivity with time (in months) and cumulative traffic passages in freeway and nonfreeway.
Gates et al. (5) studied the determination of the durability of various pavement materials on concrete pavements in Texas. For NTPEP testing, the authors invited Texas A&M Transportation Institute research staff to rate each of the 313 total materials as "good," "marginal," or "poor," based on a combination of the retroreflectivity and durability performance on concrete pavements. They concluded that epoxy materials and preformed tapes should be used on portland cement concrete roadways and thermoplastic should be used only for short-term applications with low to medium traffic.
The measurement of the performance of pavement markings is important for agencies around the world to guarantee the effectiveness of markings and determine when the old pavement markings need to be replaced or restored. Visual rating systems, such as the one developed by NTPEP, have been widely used to measure the performance of pavement markings. More recently, advances in image processing techniques have provided an opportunity for the use of this technology in the measurement of pavement markings.
Burrow et al. (6) developed a method to automatically measure road-marking erosion via digital video image analysis techniques.
Assessment of Presence Conditions of Pavement Markings with Image Processing
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This paper presents a systematic approach that can automatically determine the presence conditions of pavement markings from marking images developed with digital image processing techniques. These techniques are used to correct geometric deformity, detect colors of pavement markings, segment images, enhance images, detect edge lines of pavement markings, and recognize the features of pavement markings appearing in the photographs. The performance of this system was investigated with the photograph data sets provided by the National Transportation Product Evaluation Program Mississippi test deck. The empirical results (when compared with those from the manual method and expert observations) show that this method produced accurate and reliable results. The techniques in this study can be used to develop an automated system for accurate and speedy assessments of pavement marking conditions and might help agencies make a better decision in the maintenance of pavement markings.
Pavement markings play a critical role in maintaining a safe driving environment, especially at nighttime. The Manual on Uniform Traffic Control Devices (MUTCD) (1) states that pavement markings are commonly placed with paint, thermoplastic, or other materials. Every year state agencies spend more than $1 billion in maintaining pavement markings in the United States and Canada. The National Transportation Product Evaluation Program (NTPEP) states that the durability-related performance of pavement markings is evaluated based on the overall percentage of marking material remaining, as well as the retained retroreflectivity.
Currently, the most widely adopted method used to determine the presence conditions of pavement markings is expert observation, a subjective technique that may not provide consistent and reliable results for agencies to make cost-effective decisions while satisfying safety requirements. There is a need to develop a new method or system to estimate the presence conditions of pavement markings with higher accuracy and consistency and also reduce labor costs with an automated process. This research is designed to apply the image processing techniques for automatically determining the presence conditions of pavement markings with a higher accuracy, speed, and consistency. Photographs from NTPEP are used to develop components of the image processing process and also for performance assessment. The developed method, as a theoretical foundation, has the potential to be used in an automated system to assess the conditions of any pavement markings.
Methodology
This study used Hough transformation to detect the edges of pavement marking. Because images could be taken with different angles, height, and other settings, camera calibration was used to recover camera settings. Color detection, image segmentation and enhancement, and feature recognition were among the components of signal processing used to determine the presence value of a pavement marking.
hough transformation for edge detection
The Hough transformation [first introduced by Hough as cited by Leavers (10) and expanded to the field of computer vision by Ballard (11) ] is a powerful technique used to extract features of a particular shape from an image. The main advantage of Hough transformation is a good tolerance of image noise.
In this study, Hough transformation was only applied in the detection of edge lines of pavement markings. The simplest Hough transformation is the linear transformation for detecting straight lines. The formula of a straight line (y = k * x + b in x − y coordinate system) can be reexpressed as r = x * cos θ + y * sin θ in the polar coordinate system, where r is the distance from the origin to the straight line and θ ∈ [0, π] is the orientation of r with respect to the x-axis. Similarly, points (x i , y i ) of the straight line in the x − y coordinate system correspond with sinusoidal curves that have an intersect point in the polar coordinate system.
The test implementation finds that Hough transformation is capable of detecting edge lines of pavement markings, as shown in Figure 1 . After the process of edge detection in the original image (Figure 1a ), all intersection points (the number of edges that the system has (7) presented a solution to the problem of detecting road lanes with the steerable filter, which can provide robustness to various environments such as lighting changes, shadows, and road marking variation. According to the test results for a 9,000-frame image sequence that includes various road conditions, the method developed was shown to have a strong ability of robustness and high accuracy for the detection.
In 2006, Collado et al. (8) studied road detection and classification for driver assistance systems, which track several road lanes and identify the type of lane boundaries. From the study, an algorithm was developed that used an edge filter to extract the longitudinal road markings to which a straight line model could be fitted. On the basis of this information, the position, orientation, and type of road lanes can be automatically detected from the camera image.
In 2009, Noda et al. (9) developed a method for the recognition of pavement markings on the generated road surface from in-vehicle camera images. The method combined the techniques of projection transformation, image blurring, image clipping, and a patternlearning algorithm. According to the experimental results, the method had a good performance in the recognition of pavement markings and overcame the effect of various environmental factors. detected) are found and marked by rectangular boxes in the polar space as shown in Figure 1 , b and c. In the three-dimensional view (Figure 1c ), intersection points are represented by peaks. Figure 1d demonstrates all detected edges with green lines.
Camera Calibration
In this study, all photographs provided by NTPEP have oblique distortion because of the angle between the camera and the road plane. A part of marking could overlap with another one in the vertical direction, as the red line illustrates in Figure 1a . Without the correction of geometric deformity, it would be difficult to detect the exact edges of each pavement marking to segment them in images. Therefore, in order to make such image markings parallel, camera calibration is an essential process for such geometric deformity.
A camera's calibration model, first proposed by Schoepflin and Dailey (12) , recovers the intrinsic and extrinsic camera parameters, such as camera height, focus length, angle between camera and the ground, the aspect ratio, the position of the camera center, and the camera's heading in world coordinates. To simplify the calibration process and enhance the efficiency, it is assumed that the intrinsic camera parameters are fixed (except for focus length). A vanishing point VP(u 0 , v 0 ), a prerequisite of camera calibration, is formed by intersecting a pair of parallel edge lines of pavement markings in the image coordinate system. After the vanishing point is acquired, the parameters including focus length f, the pan angle θ, and the tilt angle ϕ for calibrating the camera can be determined. Finally, objective positions in the world coordinate system can be reconstructed by a transformation function.
statistical Color Model for Pavement Markings
Color is considered as a visual perceptual property that is crucial in attracting a driver's attention. However, it is challenging to predict which color value belongs to the color class of pavement markings because the color values of pavement markings in images can be widely dispersed under different outdoor conditions.
To overcome the effects from various outdoor conditions, the color model is developed to detect pavement marking colors with a backpropagation neural network (BPNN), with a highly accurate and robust detection for pavement markings using labeled pavement markings' color samples from NTPEP images. For the basic concept of neural networks, Murino (13) and Zhang (14) have authored good introductions that can be referenced. The general structure of BPNN employed in this work is shown in Figure 2 , in which one hidden layer is adopted with 30 neural nodes.
The hue-saturation-value (HSV) color space, defined by a wide range of colors with representations of hue (H), saturation (S), and value (V), was adopted as the input for the color detection, because it was more perceptual than other color spaces and more appropriate to be used in linear color segmentation. Additionally, it should be noted that the inputs were expanded with the high-order terms to simplify the structure and acquire higher accuracy because multilayer neural networks can be substituted with one-layer networks by using the expanded inputs (15) . After testing various types of highorder input terms, the high-order polynomials were finally chosen as the expended inputs with a higher accuracy as following:
Therefore, the total count of the inputs used in practice was 12, including three inputs H, S, V and nine inputs of high-order polynomials as shown in Equation 1. The output of BPNN is a switch value that represents whether a pixel belongs to the color of pavement markings in the image (1 means yes, 0 means no).
image segmentation
After color detection, pixels of pavement markings in the image need to be identified and separated from the road surface as the prerequisite for the further determination. Image segmentation is crucial for the whole system, and it makes further analysis of the image only focus on the separated road-marking pixels and hence measures the performance characteristics of the pavement marking itself. Because of such contrast of the brightness between pavement markings and the background in an image, a gray-level value is expected to distinguish these two regions as a threshold value.
A variety of techniques have been successfully implemented to segment the images, such as the average method, variance method, and minimum error thresholding method. After investigation, the minimum error thresholding method, first introduced by Kittler and Illingworth (16) , was adopted because its performance is better than that of the average method and the variance method in image segmentation, even though those methods have a similar perforation in the image that has two obviously distinct peaks (composed of objective and background) in the histogram.
image enhancement
During the process of segmentation, some pixels outside of the region of pavement markings may be incorrectly classified into those of pavement markings. Such incorrectly segmented pixels are known as noise and could significantly affect further analysis of the presence conditions of pavement markings. Because of this potential, there is a need to apply filtering techniques to eliminate such noises. The filtering techniques improve the quality of the image by using such techniques as low-pass filter, histogram modification, median filter, and frequency domain processing, which can further reduce noise and increase the accuracy for further analysis. After testing, the median filter was employed to enhance the image by removing noise.
As its name implies, the median filter, the best-known filter in nonlinear spatial filters, replaces the value of a pixel by the median of values in its neighborhood. In this case, the number of white pixels in the neighborhood of a colored pixel will determine whether this pixel belongs to pavement markings or the noise. If the number of white pixels within a neighborhood is lower than a threshold value, this pixel will be considered as a noise and then removed. The opposite holds true, as a pixel will remain if its number of neighboring white pixels is higher than a threshold value. On the basis of Burrow et al.'s research (6), the optimized size of a neighborhood is 8 * 8 pixels as a window, and the threshold number of white pixels for the determination of noise pixels is set as 20 to acquire maximum efficiency.
Feature recognition
The feature recognition in which the quantification of pavement marking erosion will be involved is based on two results: the computation of the number of remaining white pixels within the area between the ideal edge lines of pavement markings in a segmented and enhanced image and the correlation of histographic data with criteria photographs provided by NTPEP as the supplementation.
A method is developed to detect ideal edge lines of pavement markings in an image according to the properties of the remaining pavement marking pixels in the image. The key to feature recognition is to estimate the likely position and size of the ideal pavement markings, which are commonly shown as parallelograms in images. The resulting transformation from Hough transformation is usually composed of discontinuous lines that are difficult to be distinguished and unsuitable to determine directly the likely position and size of ideal pavement markings. Fortunately, the slopes of detected edge lines can be provided through Hough transformation, which is useful in correcting parallelogram-shaped pavement markings to rectangular-shaped ones for easily determining the ideal edge lines of pavement marking with higher accuracy. Each pixel in a segmented and enhanced image with the x − y coordinate has a corresponding point with the v − w coordinate under a spatial relationship. Such a spatial relationship can be mathematically described in Equations 2 and 3:
where α is the angle between the parallelogram-shaped pavement marking in the image and the horizontal line.
To investigate further the ideal edge lines of pavement markings, it is necessary to calculate the centroid (known as the barycenter of a plane figure) of remaining pavement marking pixels with the following equations, which could be used to estimate the centerline of the ideal pavement marking: Hence the centerline can be located as a horizontal line going through the centroid of the remaining pavement marking pixels in the image.
After the centerline is located, the ideal edge lines of pavement markings as boundaries can be estimated based on the position of the detected centerline. Because the pavement marking is separated by the centerline into two symmetric parts, the centerline of each part can be calculated by the same method stated previously. The double distance between the centerline of each part and that of the whole image can be calculated and considered as the distance between the ideal edge lines and the centerline of the whole image. Therefore, two ideal edge lines, as the ideal width of the pavement marking, can be finally determined at an equivalent distance apart from the centerline of the whole pavement marking. The percentage of remaining pavement markings could be further determined from the ratio of the number of remaining white pixels and the total pixels between the two ideal edge lines of the pavement marking. The percentage corresponds to the level as follows: 100% to 95% is for Level 10, 95% to 85% is for Level 9, 85% to 75% is for Level 8, and so forth. Each 10% decrease corresponds to one decreased level after Level 10.
However, before determining the final presence condition of pavement markings, one must account for the correlation of histograms between test and criteria photographs provided by NTPEP. The Pearson correlation coefficient r shown in the following equation is most widely used because it is mainly sensitive to a linear relationship between two variables: Each test image will be evaluated by the correlation analysis with all criteria photographs from Levels 1 to 10. The level of the test image will correspond to the criteria photograph with the highest correlation value. Thereafter, the final determination of the presence conditions of pavement markings will be conducted by taking into account both the results of the percentage and the correlation analysis. If the highest correlation value is below 0.6, the percentage is only considered as the determination of the presence conditions without the correlation result. If the highest correlation value is more than 0.6, the final presence conditions (L) of pavement markings will be determined by a linear regression equation as follows:
where P is the level corresponding to the percentage of remaining white pixels within the ideal pavement marking and C is the level corresponding to the criteria photograph with the highest correlation.
The final presence condition L will be rounded to an integer value as the final determination of the presence conditions of pavement markings.
desCriPtion oF data
The photograph data sets were provided by the Mississippi NTPEP pavement marking test deck located along U.S.-78. There are two sites located in a flat area, including a concrete pavement site and an asphalt site. A total of 46 different pavement marking materials (20 of them were adopted in this study) provided by eight vendors were installed at this test deck in 2006. The performance of the pavement markings, including retroreflectivity, durability rating, and color, is periodically monitored from the initial set of readings over 3 years. At the time of measurement, the photograph for each pavement marking was recorded by digital camera as well. These photographs are used to test the effectiveness and robustness of the system developed in this study. At each measurement, the presence conditions of pavement markings were also produced by averaging several experts' grades and recorded in an Excel file. An example image of pavement markings transversely installed at the Mississippi test deck is illustrated in Figure 3 . During the evaluation period of more than 3 years, a total of 2,065 photographs were collected from July 2006 to July 2009. More than 10,530 pavement markings (including repeated counts) appeared in these photographs. The photograph resolution is 1,024 × 768 in JPEG format. To evaluate the proposed algorithm, 844 photographs including a total of 3,609 pavement markings (1,631 on asphalt surfaces and 1,978 on concrete surfaces) were chosen, covering two different types of pavement surfaces and various lighting conditions. Three hundred ninety-one photographs were taken from asphalt surfaces and 453 photographs from concrete surfaces. Additionally, to further test the capability of determining the presence conditions of pavement markings for the proposed system, a total of 20 criteria photographs from NTPEP were adopted in this study as well. The criteria photographs labeled from Levels 1 to 10 are produced with a variety of pavement surfaces and various outdoor conditions such as lighting, weather, and so forth. Examples of criteria photographs are illustrated in Figure 4 .
results and analysis
To assess the system, with respect to the percentage of remaining pavement markings, the manual method is adopted in this study for comparison with the developed system by means of an estimate of the number of remaining pixels of remaining pavement markings within the ideal area of pavement markings using external observations and Matlab image processing tools. With visual observation, the pixels of remaining pavement markings in the image are summed up. Thereafter, the percentage of remaining pavement markings in the image can be determined by the ratio of the actual area and the ideal area of pavement markings manually. This percentage is considered as accurate for further comparison. The comparison with the percentage of pavement markings determined manually for 20 criteria photographs is demonstrated in Table 1 . A paired t-test is used to investigate the difference between the proposed algorithm and the manual method for each criteria photograph at the 95% confidence level. The p-value of .1051, which is larger than .05, indicated that there is no statistically significant difference between these two methods.
In NTPEP Mississippi test deck photographs, each pavement marking has a grade of the presence condition by averaging grades from multiple experts' observations, considered as the ground-truth values for comparison with grades from the developed system. To investigate how well the developed system performed, it is better to start from analyzing the pavement markings for which the developed system in this study cannot work well. Failures happened in some pavement markings that were difficult to extract from the pavement surface because of similar coloring with the background (pavement surface). According to the overall observation in this study as shown in Table 2 , 80.05% of presence condition levels of pavement markings obtained by the developed system are consistent with ones conducted by experts' observations, which means that the proposed algorithm does not yield significantly different performance from expert observations. Apparently, the developed system in this study performed worse on pavement markings applied on concrete surfaces than on those applied on asphalt surfaces. However, the difference in success rate did not appear to be significant.
Although there are 720 ratings inconsistent with ratings provided by experts' observations, these differences are ±1 in most cases, as shown in Figure 5 . This demonstrates that the error distributions for pavement markings applied to both asphalt and concrete surfaces. In general, tests for pavement markings on concrete surfaces yielded more and larger errors than tests for pavement markings on asphalt surfaces. The error distributions for each level of pavement markings are specifically illustrated in Table 3 , supporting the conclusions stated. Clearly, a ±1 error accounts for a large proportion of tested errors for pavement markings graded from Level 10 to Level 1. Sometimes, it is difficult to visually distinguish pavement markings graded at Levels 10 and 9 for experts as well.
On the basis of visual inspection, most of these pavement markings that are inconsistent with the results from the expert observations are graded at Level 10 or 9. This is because experts will focus on the horizontal erosion of pavement markings as well as the vertical erosion, such as the change of thickness, the wear of glass beads, and so forth. Nevertheless, because the developed system cannot evaluate the presence conditions of pavement markings in the vertical direction because of the limitations of twodimensional photographs adopted as the data source in this study, some inconsistency will occur. Moreover, it is expected that more errors appeared in the pavement markings on concrete surfaces than asphalt surfaces because of more samples in the former, in addition to the previously stated similarity of colors. The maximum error is ±4, which only occurred in two pavement markings applied on the concrete surface with Levels 10 and 7 graded by experts. Compared with the amount of pavement markings evaluated here, such errors are only a small part of the overall results and are therefore insignificant to the broader picture. Additionally, the visual inspection did not completely support the field ratings. Generally, the error distributions in this case study demonstrate that the determinations produced by the developed system are not greatly dispersed as compared with those made by experts.
In this study, as mentioned earlier, there are a total of 20 different products of pavement markings, such as temporary tape, thermo plastic, methyl methacrylate (MMA), waterborne, epoxy, and solvent-borne, which are all used to test the system's performance. According to the levels graded by the expert observations for each pavement marking displayed in test deck photographs, the results revealed that the developed system did not perform well for pavement markings made from materials such as MMA on both asphalt and concrete surfaces. Figure 6 shows the comparison between the levels of presence conditions noted by expert observations and the developed system for four MMA markings located in the NTPEP Mississippi test deck. For all measurements, the levels graded by the developed system are equal to or lower than ones made by the expert observations during the whole period of evaluation. Additionally, visual inspection of the curves indicates that the differences of levels between two algorithms become smaller over time, which implies that the developed system is capable of performing better over time.
Meanwhile, after the results of pavement markings on asphalt and concrete surfaces have been examined, it can be shown that the developed system may not be appropriate for evaluating thermoplastic pavement markings in the first 3 years because of overevaluation, such as grading the Level 9 pavement markings as Level 10. Thermoplastic pavement markings, as the most common pavement markings used on roadways in Texas for years, have been known to last up to 5 to 8 years depending on traffic volumes. At 2 to 3 years, the erosion of thermo plastic pavement markings occurred mostly in the vertical direction and slightly in the horizontal direction. As stated previously, the developed system in this study only focused on the horizontal erosion of pavement markings, which is the main reason for overgrading thermoplastic pavement markings. The same problem of overgrading the presence conditions can be found in performed thermoplastic markings. However, this may not be a problem because the system is only needed when significant marking wear has occurred, so the issue of grading Level 9 markings as Level 10 may not occur or does not matter to maintenance decision making.
As shown in the Overall the developed system can perform well in the determination of presence conditions of pavement markings such as durable tape, waterborne, and temporary thermoplastic. For MMA and thermo plastic markings, the developed system is capable of determining the presence conditions well 2 or 3 years after the application.
ConClusions
The goal of this research is to automatically determine the presence conditions of pavement markings with digital image processing techniques. To achieve this goal, a system was developed in this study that consists of five components that can be used to correct the geometric deformity shown in the NTPEP test deck photographs, detect colors of pavement markings, segment images, enhance images, detect the edge lines of pavement markings, and recognize features of pavement markings. To validate the performance of the developed system, different photographs provided by the NTPEP are tested for effectiveness and reliability. With 20 criteria photographs, the developed system is capable of grading the level of presence conditions of pavement markings in the criteria photographs, consistent with the results from the manual method (considered as reliable, but time consuming and labor intensive). With the NTPEP Mississippi test deck photo graphs, the developed system is capable of determining the presence conditions of pavement markings such as durable tape, waterborne, and temporary thermoplastic with high rates of consistency with Note: Consistency means that the level of presence condition of pavement markings produced by the developed system is exactly equal to the one conducted by expert observation and vice versa. Total   10  99  25  7  131  159  65  3  1  228  9  103  3  3  109  115  10  0  0  125   8  14  7  2  23  45  4  0  0  49   7  2  2  0  4  23  10 Total  223  37  14  274  346  92  6  2  446 the corresponding levels made by expert observations. Recommendations for future research include extending the work to measure other important characteristics of pavement markings, such as luminance, retroreflectivity, and so on, with two-dimensional photographs or video logs under various outdoor conditions. Moreover, it is recommended that a geographic information system be integrated into the system, which should be able to help agencies manage pavement markings with better decisions. In addition, the developed system can be integrated into a mobile pavement marking retroreflectometer van for more comprehensive and faster evaluation of pavement markings. The system can also be integrated as a component into an image-based system that detects and analyzes other types of traffic control devices such as signs and markings. 
